Macroscopic electrostatic potentials and interactions in self-assembled
  molecular bilayers: the case of Newton black films by Gamba, Z.
ar
X
iv
:0
80
7.
07
68
v1
  [
co
nd
-m
at.
so
ft]
  4
 Ju
l 2
00
8
Marosopi eletrostati potentials and interations in
self-assembled moleular bilayers: the ase of Newton blak lms.
Z. Gamba
Department of Physis - CAC, Comisión Naional de Energía Atómia,
Av. Libertador 8250, (1429) Buenos Aires, Argentina.
∗
(Dated: Otober 28, 2018)
Abstrat
We propose a very simple but 'realisti' model of amphiphili bilayers, simple enough to be able
to inlude a large number of moleules in the sample, but nevertheless detailed enough to inlude
moleular harge distributions, exible amphiphili moleules and a reliable model of water. All
these parameters are essential in a nanosopi sale study of intermoleular and long range eletro-
stati interations. We also propose a novel, simple and more aurate marosopi eletrostati
eld for model bilayers. This model goes beyond the total dipole moment of the sample, whih on
a time average is zero for this type of symmetrial samples, i. e., it inludes higher order moments
of this marosopi eletri eld. We show that by representing it with a superposition of gaus-
sians it an be analytially integrated, and therefore its alulation is easily implemented in a MD
simulation (even in simulations of non-symmetrial bi- or multi-layers). In this paper we test our
model by moleular dynamis simulations of Newton blak lms.
∗
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I. INTRODUCTION
The struture and dynamis of amphiphili bilayers plays a key role in numerous
problems of interest in physial-hemistry [1℄, biology [2℄, pharmaology [3℄ and bioteh-
nology [4, 5℄. Amphiphili moleules onsist of a non-polar hydrophobi exible hain of
the (CH2)n type, the 'tail', plus a hydrophili setion, a strongly polar 'head' group. In
aqueous solutions the polar 'head' strongly interats with water and shields the hydrophobi
tails from the water, therefore these moleules tend to nuleate in miselles or bilayers,
depending on onentration [1℄. For example, a simple model of a biologial membrane
onsists of a bilayer of amphiphili moleules, with their polar heads oriented to the
outside of the bilayer and strongly interating with the surrounding water. The opposite
model of bilayer, with the water in the middle and head groups pointing to the inside,
also exists in nature and are the soap bubbles lms, or Newton blak (NB) lms, as
they are alled in their thinnest states. Most studies have been performed on biologial
membrane models and huge advanes in the intermoleular potential models (at atomisti
or oarse grained level) needed for their numerial simulations as well as in the behavior
of proteins, anesthetis moleules , pores, et., inserted in these bilayers have been ahieved .
Here we will limit our study to the ase of soap bubbles lms. While on one hand
the moleular interations and marosopi eletrostati eld exhibit the same physial
problems to solve as that of the biologial membranes, on the other hand the amount of
water is limited by the width of the NB lm and therefore the numerial simulations are
onsiderable less expensive.
Furthermore, the study of foam lms is not only interesting per se, but also has many
tehnologial appliations, in partiular their use in biothehnologial appliations is a very
ative eld. For example, a protein an be unfolded when inserted in these lms, allowing
a small angle X ray measurement of its struture. In refs. [6, 7℄ the struture of the lm
is studied as a funtion of the onentration of inserted proteins; these measurements give
information on the protein-lipids interations, in muh simpler experimental arrays than
biologial membranes. At the mesosopi sale, the diusion of bateria in this quasi-two-
dimensional liquid environment has been measured [8℄.
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From the point of view of applied physis there is also inresing interest in the grow of
inorgani nano-patterned lms with the help of organi bilayers [9℄.
Furthermore, reent studies have revived the interest in the basi physis involved in
these lms. The self-assembly of amphiphilis an be experimentally measured by studying
the properties of soap lms, with the advantage of a ne ontrol in the range of low ontents
and small onentration hanges of amphiphilis [10℄. Also onned water is known to
have a very dierent behaviour of bulk water, its behavior at riogeni temperatures and
its glass transition temperature were measured by anelasti spetrosopy [11℄ in a stak
of biologial membranes, but not yet in foam lms. In ref. [12℄ the stability of soap lms
under dierent applied apillary pressures has been meassured, and in ref. [13℄ a mean eld
theory is developed to desribe the rle of eletrostati utuations in their stability.
Several MD simulations of NB lms have been performed sine some time ago. In
Ref. [14℄ a series of all-atom MD simulations of NB lms of sodium-dodeyl-sulfate SDS
[Na
+
CH
3
(CH
2
)
11
(OSO
3
)
-
℄ amphiphili moleules and dierent amounts of water was
presented, and an insight of the experimental eletron density prole given by X-ray
measurements was obtained [15℄. In Ref. [16℄ these simulations were extended to larger
samples and longer times (about nanose.), a fat that is important to aurately measure
the diusion onstants of the lipids in bilayers, even when similar strutural and internal
dynamial properties an be obtained at shorter times [17℄. The eet of several surfa-
tants on the disjoining pressure [18℄ and the anomalous behavior of water [19℄ were also
investigated via MD simulations. The last referene learly pointed out that the study of
eletrostati fores between harged interfaes in aqueous media is still an open and very
important eld of theoretial researh.
Here we are interested in the searh of a very simple but 'realisti' model of the Newton
blak lms, simple enough to be able to inlude a large number of moleules in the
sample, but nevertheless detailed enough to inlude moleular harge distributions, exible
amphiphili moleules and a reliable model of water. All these parameters are essential in
a nanosopi sale study of intermoleular and long range eletrostati interations. Suh
simple amphiphili bilayer model will be useful to obtain reliable information on the eet
of the external parameters (like surfae tension, external pressure and temperature and
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external elds) on physial properties of the bilayer, as well as to address problems like the
diusion and/or nuleation of guest moleules of tehnologial, pharmaeutial or ambiental
relevane within amphiphili bilayers.
A problem to solve in the simulation of these highly harged bilayers is the method
to use in the alulation of eletrostati interations, due to their long range and quasi-
bidimensional 2D nature. The Ewald method is assumed to be the aurate one for
eletrostati interations [20℄ in three dimensional 3D samples. Refs. [2123℄ review the
3D Ewald sums as well as several possible implementations, in those papers 3D periodi
boundary onditions are used to minimize surfae eets and all interating moleules
are expliity inluded. However, for single monolayers or bilayers the periodi boundary
onditions should be applied in two diretions, in the plane of the mono- or bilayers ( x y
plane), but not along the perpendiular to the plane (z axis). 2D Ewald sums have been
developed for these ases, although they are omputationally very lenghly by omparison
with the 3D sums [24, 25℄. Reently Brdka and Grzybowski [26℄ showed analytially
in whih way the 2D Ewald sums may be aurately approximated by a 3D alulation.
They show that, in order to obtain a reliable alulation, not only a large empty spae
must be introdued in the simulation box (along z ), but the marosopi eletri eld term
depending on the total dipole moment M of the sample (|M|2 /3) should be replaed by
a term ontaining only the omponent z perpendiular to the 2D system (M2z ). In ref.
[27℄ this result was heked with a numerial simulation. It has to be taken into aount
that, in a MD simulation, the ontribution of this marosopi eletri eld to the mole-
ular interations utuates in time and is far from negligible [27℄, partiularly for monolayers.
The ore of the paper is in Setion IV where we propose a novel, simple and more
aurate marosopi eld for model bilayers. That is, a model that goes beyond the total
dipole moment of the sample, whih on time average is zero for this type of symmetrial
bilayers. Following this approah, we extend it by inluding higher order moments of this
marosopi eletri eld. We show that by representing it with a superposition of gaussians
it an be analytially integrated, and therefore its alulation easily implemented in a MD
simulation (even in simulations of non-symmetrial bilayers).
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In this paper we study a simple model of Newton blak lms via MD simulations and
using the TIP5P intermoleular potential for water and a exible harged hain to simulate
the amphiphili moleules. We show that our method of alutation of the marosopi
eletrostati potential reprodues the spatial and temporal harge inhomogeneities of the
quasibidimensional sample and is extremely simple to implement in numerial simulations.
We also show that this method an be diretly applied to any other type of bi- or multi-layers.
II. THE AMPHIPHILIC AND WATER MOLECULE MODELS
Our simple model of a harged amphiphili onsists in a semiexible single hain of 14
atoms, the bond lengths are onsidered onstant, but bending and torsional potentials are
inluded. The rst two atoms of the hain mimi a harged and polar head (atom 1 with q1
=- 2 e, atom 2 with q2 = 1 e), sites 3 to 14 form the hydrophobi tail with unharged atoms:
sites 3 to 13 are unharged united atom sites CH2 and site 14 is the unharged united atom
site CH3. This moleular model orrespond to an oversimpliation of sodium dodeyl
sulfate SDS (CH3(CH2)11OSO
−
3 Na
+
) in solution, so we are inluding, in our simulations,
a Na+ ion per hain. The LJ parameters of these interation sites are those of ref. [14℄,
exept for the sites 1 and 2 that form the amphiphili polar head: σ1 = 4.0Å, σ2 =4.0 Å,
σNa =1.897 Å, ε1= 2.20 kJ/mol, ε2= 1.80 kJ/mol and εNa= 6.721 kJ/mol. The masses of
the sites are the orresponding atomi masses, exept that m1 = m2 = 48au., in order to
mimi the 'real' amphiphili head. The LJ parameters of the united atom sites are taken
from alutations on n-alkanes [28℄: σCH2 =3.850 Å, σCH3 =3.850 Å, εCH2= 0.664 kJ/mol,
εCH3= 0.997 kJ/mol. The LJ parameters for the Na
+
ion are taken from simulations of
SDS in aqueous solution [29℄ and NB lms [14℄.
The intramoleular potential inludes harmoni wells for the bending angles β and the
usual triple well for the torsional angles τ , the onstants are those ommonly used for the
united atom site CH2[20℄. These potentials are needed to maintain the amphiphili stiness
and avoid moleular ollapse. The bending potential is
V (β) = kCCC(β − β0)2 ,
with β0 = 109.5 deg. and kCCC = 520 kJ/rad
2
. The torsional potential is of the form
5
V (τ) = a0 + a1cos(τ) + a2cos
2(τ) + a3cos
3(τ) + a4cos
4(τ) + a5cos
5(τ) ,
the onstants are a0 = 9.2789, a1 = 12.1557, a2 = −13.1202, a3 = −3.0597, a4 = 26.2403
and a5 = −31.4950 kJ/mol; this potential has a main minimum at τ = 0 deg. and two
seondary minima at τ = ±120 deg.
The seleted moleular model for water is the lassial rigid moleular model TIP5P
[30, 31℄. It onsists of one LJ site (ε = 0.67 kJ/mol, σ = 3.12 Å) loalized at the O and
4 harges. Two harges q
H
= 0.241e are loalized at the H atoms and two qLp =-q
H
at
the lone pairs. As the lone pair interation sites are not oinident with atomi sites, the
algorithm employed to translate the fores from massless to massive sites is that of ref. [32℄.
The nal version of the MD program is similar to that used in refs. [3335℄.
This rigid, nonpolarizable, TIP5P moleular model was seleted by us beause it is simple
and it also gives good results for the alulated energies, diusion oeient and density ρ
as a funtion of temperature, inluding the anomaly of the density near 4C and 1atm [30℄,
the X-ray sattering of liquid water [36℄, et. The only exeption is the O-O pair orrelation
funtion g2(r), for whih the rst neighbor is loated at a slightly shorter distane than the
experimental one [30℄. Very reently a six sites rigid model for water [37℄, with an additional
site at the moleular enter of mass, has been presented. By omparison with the TIP5P
model, the new model has improved the t of the melting point and the disordered struture
of ie at the melting point. Nevertheless, this six sites model still shows the same problem
of TIP5P to reprodue the experimental g
OO
(r) pair orrelation funtion and this is the
reason to perform our alulations with TIP5P.
III. THE MODEL BILAYER OF AMPHIPHILIC MOLECULES:
Fig. 1 shows the initial onguration of one of our simple model of a NB lm (i. e. soap
bubbles lms) with the water within the bilayer and, therefore, the head groups oriented
to the inside. The sample of the gure inludes 226 amphiphilis and 365 water moleules,
and, as in model (a), the bilayer is perpendiular to the ẑ MD box axis, with a box size of
a = b = 45.Å, c =1000 Å.
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Figure 1: Initial ongurations of a model Newton blak lm.
The periodi boundary onditions are applied only in the x̂ and ŷ diretion and a large
unit ell c parameter (that is, a large empty volume) is taken, in order to approximate
the required 2D Ewald sums by the usual 3D sums plus our marosopi eld term
orresponding to a quasi-2D system, disused in the following setion.
When performing these simulations, we have to take into aount, in partiular, the
following fats:
a) The site-site LJ interations between all moleules in the sample have a nite utt-o
radius of 15 Å. In 3D simulatons, the ontributions of sites outside this sphere are taken
into aount assuming an uniform distribution of sites and performing a simple integration.
In our uasi 2D system, the volume to integrate is that outside the ut-o sphere and within
the volume of the slab. Appendix A inludes this integral.
b) The eletrostati interations are alulated via the standard 3D Ewald sums with
a large size box along the perpendiular to the bilayer slab and 2D periodi boundary
onditions in the plane of the slab. The Ewald's sum term orresponding to the marosopi
eletri eld is disussed in the following setion.
IV. THE MACROSCOPIC ELECTRIC FIELD IN A QUASI - 2 D SAMPLE:
Eletrostati fores have a far from negligible ontribution to the self-assembly and nal
patterns found in soft matter systems. For bilayers the marosopi eletri eld is given, in
a rst approximation, by the ontribution of the surfae harges of the marosopi dieletri
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slab. There are very lear reviews where the rst multipolar moment of these harges are
taken into aount, in 2D and 3D marosopi samples [25, 27℄. In partiular, for an uniform
dieletri slab oriented perpendiular to the z diretion, the ontribution of the uniformly
distributed surfae harges to the total energy of the marosopi slab system, of volume V ,
is:
Umacrosc. = 2pi
V
Mz
2
,
where Mz is the total dipole moment of the slab. Then the ontribution of this term to the
total fore on every harge qi of the sample is:
Fmacrosc.i (z) = −4piV Mz.
This approximation has been tested in monolayers [26, 27℄. In the MD simulation of
bilayers, and due to its geometry, the total dipole moment Mz is zero in a time average.
Nevertheless, as in monolayers the fores Fmacrosc.i (z) are not negligible by omparison
with the rest of the interation fores, and, as the eletrostati interations play a key rle
in the dynamis and strutural properties of the bilayers, a more aurate estimation of
their marosopi eletri eld is desirable. One possibility is to inlude higher multipolar
moments of the surfae harges, but the onvergene of the eletrostati interations using
total multipole series is slow. Another possibility is to solve the Poisson-Boltzman equation
with boundary onditions given by the surfae harges [38℄, this method is extremely
lenghtly for a numerial simulation, beause the harged atoms are mobile and hange their
loation in every time step.
Nagle & Nagle [39, 40℄ reently reviewed the experimental data on the struture of lipid
bilayers, in partiular the distribution funtions for the symmetrial omponents along
the diretion of the normal to the bilayer. They analize not only the peak positions of
eah distribution but their shape, pointing out that they are slightly asymmetrial (to the
interior or exterior of the bilayer) and therefore a gaussian distribution model is just an
useful rst approximation when only the positions and widths are available.
Here we propose a novel oarsed t for the harge distribution of the dierent bilayer
omponents (water and harged amphiphilis plus ions) using a superposition of gaussian
distributions. We found that, in this way, the ontribution of these harge distributions to
the marosopi eletri eld an be exatly alulated. The method is extremely simple to
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implement in numerial simulations, and the spatial and temporal harge inhomogeneities
are roughly taken into aount. Our results an also be applied to biologial membrane
models.
At eah time step of the MD simulation we deompose our bilayer's harge distribution
in four neutral slabs: two for the upper and lower water layers and other two for the neutral
layers formed by the head plus ion harges.
For eah one of the four neutral slabs, instead of onsider two planar surfaes with an
uniform density of opposite harges, we propose two gaussian distribution along z, the
perpendiular to the slabs, with the same opposite total harges and loated the same
relative distane (maintaining the slab width). The oarsed distribution of harges in the
bilayer is then a linear superposition of gaussians:
ρ(z) =
∑
i
qi√
2piσi
exp(− (z−zi)2
2σ2i
)) ,
The marosopi eletri potential V (z) and the fore eld Ez(z) due to this type of
harge distribution an be exatly solved. In Appendix B we inlude the analytially solved
integrals (one of them is a new mathematial solution). The nal result is:
V (z) = −2√2pi∑i σi qi (exp(− (z−zi)22σi2 )− ( z−zi√2σi )Erf [ (z−zi)√2σi ]) .
Ez(z) = −∂V (z)∂z = 2pi
∑
i qiErf [
(z−zi)√
2σi
].
The obtained result is valid for any number of slabs, that as a funtion of time an
hange not only their position and width but also they an superpose. The pratial
implementation of this marosopi eld in our simulations (that is, how the σi, zi and qi
values are taken at eah time step) is explained in the following setion.
The ontributions of this marosopi eld, as well as that of the external eld Ueff(h)
in biologial membranes, alulated for several bilayers samples are inluded in setion 7.
Units: density of harges [ρ] = e
Å
3 ; eletrostati potential [V ] =
e
Å
(for omparisson with
experimental data
[
e
Å
]
= 0.04803 cm
1/2gr1/2
sec
= 14.399 [V olt] ); eletri eld [E] = e
Å
2 .
Here we have applied this exat alulation method of the marosopi eletri eld to
a symmetrial (along z ) slab geometry, but it is also valid in an asymmetrial ase, whih
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may imply a nite dierene of potential aross the bilayer.
The extension of this method ( a oarse grained representation of the marosopi eletri
eld via a superposition of gaussians) to other geometries is also strightforward, a spherial
geometry, for example, would be useful for the study of miselles. Its great advantage is
that these representations an be analytially solved. Moreover, although the present work
is not dediated to the study of reation elds, based on a oarse gaussian distribution of
harges, an be also be easily applied to inlude a more realisti reation eld inside a avity
in non-uniform dieletris.
V. IMPLIMENTATION OF THE NUMERICAL SIMULATIONS:
In our MD simulations of the bilayers of Fig. 1, the integration algorithms, time step
and ut-o radius are essentially idential to those used on our bulk samples [33, 35℄,
exept for the periodi boundary onditions, that now are applied only in the xy plane
of the bilayers, and that the alulations inlude now our proposed marosopi eletri
eld. The equations of motion of the rigid water moleules are integrated using the veloity
Verlet algorithm for the atomi displaements and the Shake and Rattle algorithms for the
onstant bond length onstraints on eah moleule. The time step is of 1 fs., the sample is
thermalized for 20 ps. and measured in the followings 100 ps.
To maintain a onstant temperature in our simulations of these bilayers, the Nosé-Hoover
hains method [41℄ (that we previously used for bulk samples) was disregarded beause
of the lenghly termalization of all the omponents, in many ases we obtained a dierent
equilibrium temperature for eah dierent moleular speies. Instead, we hose to perform
our MD simulations of the bilayers using the Berendsen algorithm [42℄, applying the
equipartition theorem to eah type of moleule and a strong oupling onstant τ = 0.5∆t
linking the average kineti energy of eah kind of moleules (amphiphilis, ions and water)
to the desired kineti energy of
3
2
kBT0, with T0 = 300K. The Berendsen algorithm attains
equipartition and equilibrium temperatures faster than the Nose-Hoover hains method,
when applied to our mix of exible and rigid moleules.
To inlude the marosopi eletri eld term we need to determine the values of the σi,
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zi and qi parameters at eah MD time step. For eah one of the two slabs that simulate
the harge distribution of hains' heads plus ions, we t the zi parameters of two gaussians,
so as to reprodue the dipolar moment of the slab. Their σi values are obtained from the
orresponding harge distributions, with qi = 1 for ions and qi = −1 for hains' heads.
Typial values of these variables, as well as the ontribution of the external potential and
the marosopi eletri eld to the total fores on all moleules, are reported for eah
alulated ase.
VI. RESULTS:
Here we present the results obtained for one sample of our simple NB lm model. Our
simulations were mainly performed to analyze the ontribution of the marosopi eletri
elds to the equilibrium struture and moleular dynamis of the bilayer. Elsewhere we
will test the versatility of our approah by studying biologial membrane models with and
without ions solved in water, with and without the water layer, as a funtion of hain length,
et..
Figure 2: Final onguration of the HD sample with a=b=45Å: (a) a ross setion, (b) ab ross
setion.
In Ref. [14℄ a MD simulation with 64 all-atom sodium-dodeyl-sulfate SDS
[Na
+
CH
3
(CH
2
)
11
(OSO
3
)
-
℄ moleules and 1 to 6 water moleules per amphiphili
was presented. Here we use our simplied amphiphili model. In setion 4, Fig. 1 (b)
showed the initial onguration of a sample onsisting of 226 harged amphiphilis and
11
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Figure 3: Atomi density proles (number of atoms per Å
3
) for the (a) HD and (b) LD head group
samples.
226 Na+ ions solved in 365 water moleules, the bilayer is perpendiular to the ẑ MD box
axis, with a box size of a = b = 45.5Å, c =1000 Å. The lm is thermalized for 50 ps. and
measured in the following 100 ps., Fig. 2 shows the attained nal onguration of this
sample (HD high density), two other samples with a lower density of amphiphili heads per
unit area were alulated: a medium density MD (a = b = 46.5Å) and a LD low density
sample (a = b = 48.0Å).
The width of our HD lm is 38.2Å, of our MD lm is 36.8Å and that of the LD one is
35.1Å, as measured from the average distane between end tail CH3 groups. Fig. 3 shows
the atomi density proles in two ases. X-ray reetivity measurements determined that
ommon soap lms (CBF) are several thousand angstroms wide, while a NBF is about 33
Å [15℄. In ref. [43℄ a dual optial multiwave interferometer ( of λ = 1.064µm) was used to
determine the dynamis of gravity indued gradients in soap lm thiknesses, whih allows
to detet variations of about 1Å in the thikness of the lm.
The three ases orrespond to a glassy phase, as measured by their diusion oeients.
For the HD sample the moleular enters of mass loation show average osillations with an
amplitude of ∼3 Å and we measured an overall displaement of about 5 Å in 100 ps., within
the bilayer plane, therefore our measured diusion oeient is less than our measurement
error (about 10−6cm2/sec). The experimental value of the diusion oeient for SDS,
in a lm of about 35Å thikness, is 6 10−7cm2/sec [7, 44℄ . In the MD and LD samples
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Figure 4: Reorientational autoorrelation in the xy plane.
we observe a olletive rotation or large amplitud osillation of the amphiphili moleules
around their orresponding enter of mass and about an axis perpendiular to the bilayer
plane. We measure a tilt angle of 26.2 deg. in our HD sample, 35.9 deg. in the MD and
40.2 deg. in the LD sample. Fig. 4 shows the autoorrelation funtion of the xy omponent
of the reorientational moleular motion, showing a disordered reorientation at HD and an
osillatory motion at LD.
As in the previous bilayers models, the funion ρ(z) is obtained from a oarse grained t
of the harge distribution of our MD sample using four harged slabs. The parameters that
desribe these slabs are for the LD lm are:
qi(e) zi(Å) σi(Å)
slab 1 (head and ions) −1.0 3.485 3.344
1.0 2.733 3.344
slab 2 (water) −0.241 1.196 0.433
0.241 3.762 0.433
slab 3 (water) 0.241 −3.762 0.433
−0.241 −1.196 0.433
slab 4 (head and ions) 1.0 −2.733 3.344
−1.0 −3.485 3.344
,
and with them we alulate the funtions inluded in Fig. 5 (a) . As this is a very thin NB
lm with about 1.6 water moleules per amphiphili, water is highly paked and strongly
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Figure 5: Prole of: (a) the marosopi harge density ρ(z), eletri eld and potential (full line
for total values, dotted line for water ontribution), (b) our measured prole of marosopi eletri
and total fores on moleules, as a funtion of the loation of their enters of mass along z, in the
HD, NB lm.
polarized due to the eletri eld generated by the harged head and ions. In Fig. 5 (a)
we also inluded the strong ontribution of the water layer to the alulated proles of our
samples. This behavior has a strong dependene on the ontent of water in the NBF and
will be presented elsewhere. Our alulated total eletrostati potential is nearly onstant
at the ore, with a negative value of about -1.69 e/Å. Although not diretly omparable, in
Ref. [19℄ thiker NB lms with up to 11.94 water moleules per amphiphili were studied
with an all-atom MD simulation and also a strong polarization of water was found at the
interfae with the head layers. Their measured eletrostati potential is also nearly onstant
at the ore, but with a muh smaller negative value of about -0.2 Volt= -0.0139e/Å for the
sample of 11.94 water moleules per amphiphili. Unfortunately there is not experimental
data available for omparison, but nevertheless, in Ref. [45℄ the origin of the short-range
and strong repulsive fore between two ioni surfatant layers is alulated as deaying
exponentially with their distane.
Fig. 5 (b) inludes the ontribution of marosopi eletri eld E to our measured total
fores on water, ions and hain moleules, as a funtion of the enters of mass loation,
averaged over a MD free trajetory of 100 ps. Units: [F ] = kJ/mol/Å. Due to the
marosopi eletri eld, the negatively harged amphiphilis tend to drift away of the
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bilayer but this tendeny is balaned by a ontrary fore on the movile ions, that remain
within the water layer. When adding all moleule - moleule interations, the total fores
(an order of magnitude lower than those due to the marosopi eld) on the amphiphilis
tend to maintain a bilayer struture with the water inside.
VII. CONCLUSION:
In this paper we studied a simple model of a amphiphili bilayer, a Newton blak lm,
and analyzed the key rle of the eletrostati interations in their self-assembly. The model
is simple enough so a large number of moleules an be inluded in the MD samples, but
also detailed enough so as to take into aount moleular harge distributions, exible
amphiphili moleules and a reliable model of water. All these properties are essential to
obtain a reliable onlusion.
The presented amphiphili moleular model is extremely simple, but inludes all
main harateristis of these type of moleules: a strongly harged head atoms and a
tail onsisting in a semiexible hain of hydroarbon united atoms. As an example of
its versatility we studied samples with a tail of 12 atoms and other of 18 atoms. This
amphiphili model also allows to study, in a simple way, the properties of bilayers formed
by harged or neutral amphiphilis and with or without expliity inluding water moleules
in the numerial simulations.
As for the alulation of the eletrostati interations, we also propose a novel and more
aurate method to alulate the marosopi eletri eld in uasi 2D geometries, whih
an be easily inluded in any numerial alulation. The method, that essentially is a
oarse grain t of the marosopi eletri eld beyond the dipole order approximation,
was applied here to symmetrial bilayers (along the normal to the bilayer and with periodi
boundary onditions in two dimensions), but their derivation is general and valid also for
asymmetrial slab geometries.
Lastly, we emphasize the relevane and utility of these simple bilayer models. They an
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be applied to the systemati study of the physial properties of these bilayers, that strongly
depend not only on 'external parameters', like surfae tension and temperature, but also on
the kind of guest moleules embedded in them (eg. proteins, et.). In turn, the struture
and dynamis of the embedded moleules strongly depend on their interations with the
bilayer and with the sorrounding water.
These simple bilayers an also be extremely useful to model, for example, the synthesis
of inorgani (ordered or disordered) materials via an organi agent, whih are based on the
use of these self-assembling moleules [9℄. This is a reent and very fast growing researh
eld of nanotehnologyal relevane, as are lithography, ething and molding devies at the
nanosopi sale. Another fast developing eld is that of eletroni sensors and nanodevies
supported on lipid bilayers [4, 46℄.
Furthermore, the amphiphili bilayers are hosts for the diusion and/or nuleation of
guest moleules of relevane in biologial and/or ambient problems, these studies are ur-
rently being performed.
Lastly, as our model retains the exibility of the original amphiphilis, and the eletro-
stati interations are inluded, the approah is really useful to obtain 'realisti' solutions
to the above mentioned problems as well as those related to eletri elds and eletrostati
properties.
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A: Corretion terms for the atom-atom interations within the slab and beyond the
ut-o radius
In 3D samples, orretion terms to the energy U3D(Rcut) and virial V ir
3D(Rcut), due to
the nite ut-o radius of the LJ site-site interations, are alulated asuming an uniform
distribution of sites beyond the ut-o radius Rcut. These terms are:
U3D(Rcut) =
∫ pi
0
sin θ dθ
∫∞
Rcut
ULJ(r) 2pir
2 dr = 4pi
3
εσ3
[
1
3
(
σ
Rcut
)9
−
(
σ
Rcut
)3]
, and
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V ir3D(Rcut) =
∫ pi
0
sin θ dθ
∫∞
Rcut
(−r ∂ULJ (r)
∂r
) 2pir2 dr = 8piεσ3
[
2
3
(
σ
Rcut
)9
−
(
σ
Rcut
)3]
.
In our 2D samples, instead, the integrals are over the volume outside the Rcut radius and
inside the slab. In all of our ases the width of the slab zslab is larger than the diameter of
the ut-o sphere (zslab > 2Rcut), and the orretion terms are then simply alulated.
U2D(Rcut) =
∫ pi
0
sin θ dθ
∫ Rmax(θ)
Rcut
ULJ(r) 2pir
2 dr,
where θ is the azimutal angle measured from the perpendiular to the bilayer and Rmax(θ) =
zslab
2 cos(θ)
.
The nal result is:
U2D(Rcut) = U
3D(Rcut)− 4pi3 εσ3
[
1
30
(
2σ
zslab
)9
− 1
4
(
2σ
zslab
)3]
.
In a similar way we obtain:
V ir2D(Rcut) =
∫ pi
0
sin θ dθ
∫ Rmax(θ)
Rcut
(−r ∂ULJ (r)
∂r
) 2pir2 dr
= V ir3D(Rcut)− 4piεσ3
[
4
30
(
2σ
zslab
)9
− 1
2
(
2σ
zslab
)3]
,
and for the omponent along z (used to ontrol the pressure along the perpendiular to the
bilayer):
V ir2Dz (Rcut) =
∫ pi
0
sin θ dθ
∫ Rmax(θ)
Rcut
(−z ∂ULJ (r)
∂z
) 2pir2 dr
= 1
3
V ir3D(Rcut)− 4pi3 εσ3
[
1
3
(
2σ
zslab
)9
−
(
2σ
zslab
)3]
.
On the other hand, if zslab < 2Rcut , the alulated terms are:
U2D(Rcut) = U
3D(Rcut)
zslab
2Rcut
− 4pi
3
εσ2zslab
[
1
30
(
σ
Rcut
)9
− 1
4
(
σ
Rcut
)3]
,
V ir2D(Rcut) = V ir
3D(Rcut)
zslab
2Rcut
− 4piε zslab
Rcut
σ3
[
4
30
(
2σ
zslab
)9
− 1
2
(
2σ
zslab
)3]
, and
V ir2Dz (Rcut) = (
zslab
2Rcut
)3
[
1
3
V ir3D(Rcut)− U3D(Rcut)
]
.
B: The eletrostati marosopi eld model
We propose a superposition of slabs, upper and lower surfaes with opposite harges, but
with a gaussian distribution, of width σ, along the depth of the slab. The harge distribution,
eletrostati potential and eletri eld expresions are given in the following subsetions, in
order of inreasing omplexity. Case C.2 is the one we use for the reation eld in our MD
simulations.
The results showed here orrespond to a symmetrial distribution of harges, in the
bilayer, about the origin (i. e. idential harges, widths and loation of the maximums
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along ±z axis. But for an asymmetrial ase the alulation is straightforward, and the
obtained result should be very useful for studying these bilayers under an applied external
eletri eld, for example.
B1: The marosopi eletri eld of a single slab:
First of all we review the well known ase of an uniformly harged surfae (ρ per unit
area) loated at z = 0. The potential eld at z, due to this innite, uniformly harged (xy)
plane is:
V (z) =
∫∞
0
ρ 2pirdr√
z2+r2
= 2piρ [
√
x]
∞
z2,
and the eletri eld is:
E(z) = −∂V (z)
∂z
= 2piρ z|z| .
For a homogeneous dieletri single slab (of width 2zi), the marosopi eletri eld
is alulated assuming an uniformly harged plane at zi (qi per unit area) and another
with opposite harge (−qi per unit area) loated at -zi. The potential eld of this harge
distribution is:
V (z) = 2piqi ([
√
x]
∞
(z−zi)2 − [
√
x]
∞
(z+zi)2
) = −2piqi(|z − zi| − |z + zi|), that is,
V (z) =


−4piqizi if z < −zi
4piqiz if −zi 6 z 6 zi
4piqizi if zi > z
.
The eletri eld of this harge distribution is:
E(z)=-4piqi, if−zi ≤ z ≤ zi, and E(z) = 0 if z < −zi or z > zi.
Usually this result is given in terms of the the total dipole moment of the slab per unit
area, whih is Mz = 2qizi, the marosopi eletri eld then is Ez = −2pizi Mz, and the
ontribution of this harge distribution to the total energy of the system is
pi
zi
M2z .
If instead of onsidering two uniformly opposite harged planes, we onsider that the
harges show a ertain spread along z, we an analyze a model of two gaussian harge
distributions along z, of total harge ±qi (per unit area) eah one, standard deviation σi and
maximum loated at ±zirespetively, and the harge distribution aross the slab beomes
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now:
ρ(z) = qi√
2piσi
(exp(− (z−zi)2
2σ2i
)− exp(− (z+zi)2
2σ2i
)) .
The total dipole moment of this system is again Mz = 2qizi, but the potential V (z) will
dier. For the sake of simpliity we take as equal the dispersion of both distribution and
we obtain:
V (z) = −2pi ∫∞−∞ ρ(t) |z − t| dt = −2pi(∫ z−∞ ρ(t)(z − t)dt+ ∫∞z ρ(t)(t− z)dt).
Replaing the ρ(t)funtion we rst obtain:
V (z) = −√2pi qi
σ
(
∫ z
−∞ exp(− (t−zi)
2
2σ2
)(z − t)dt− ∫ z−∞ exp(− (t+zi)22σ2 )(z − t)dt+∫∞
z
exp(− (t−zi)2
2σ2
)(t− z)dt− ∫∞
z
exp(− (t+zi)2
2σ2
)(t− z)dt ) ,
and nally the potential is:
V (z) = −2√2piσ qi (exp(− (z−zi)
2
2σ2
)− exp(− (z+zi)2
2σ2
))
−(z − zi) 2pi qi (Erf [ (z−zi)√2σ ]− Erf [
(z+zi)√
2σ
]) .
From this funtion, the eletri eld aross a single slab, entered at z = 0, is:
E(z) = −∂V (z)
∂z
= 2pi qi (Erf [
(z−zi)√
2σ
]−Erf [ (z+zi)√
2σ
] ).
When σ → 0, the funtions tend to those found in eletrostatis textbooks.
B2: Several neutral slabs model for the quasi-2D marosopi eletri eld:
The typial harge distribution of our samples of amphiphili bilayers an be deomposed
in a linear superposition of neutral slabs. Replaing for eah slab the uniformly harged
faes by gaussian distributions of harges along z, of total harge ±qi eah one, width σi
and loated at ±zi, the preeding formulae in C.1 an be easily extended to any number of
slabs and the nal results are:
ρ(z) =
∑
i
qi√
2piσi
exp(− (z−zi)2
2σ2i
)) ,
V (z) = −2√2pi∑i σi qi(exp(− (z−zi)22σi2 )− ( z−zi√2σi )Erf [ (z−zi)√2σi ]) .
E(z) = −∂V (z)
∂z
= 2pi
∑
i qiErf [
(z−zi)√
2σ
].
The aumulated energy of this superposition of slabs is:
W = 1
2
∫∞
−∞ ρ(z)V (z)dz = −
∑
i
∑
j qiqj
σj
σi
(I1 +
√
piI2).
The integral I1 an be solved using the well known property of gaussians: the produt of
two gaussians is a third gaussian, in this ase:
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I1 =
∫∞
−∞ exp(− (z−zi)
2
2σi2
) exp(− (z−zJ )2
2σj2
)dz =
√
pi√
γ
exp(− (zi−zj)2
2(σi2+σj2)
); with γ =
(σi
2+σj
2)
σi2σj2
.
The seond integral is a new mathematial solution and was solved with the aid of refs.
[47, 48℄. From the rst one [47℄ we obtain:
I2a =
∫∞
−∞ exp(−a(t− c)2)erf(t)dt =
√
pi
a
erf(
√
ac√
1+a
), and from the seond referene:
I2b =
∫∞
−∞ t exp(−a(t− c)2)erf(t)dt = c I2a+ 1a√1+a exp(−ac2+ a
2c2
1+a
). Finally, and taking
a = (σj/σi)
2
and c =
(zi−zj)√
2σj
, we alulate:
I2 =
∫∞
−∞ exp(− (z−zi)
2
2σi2
)(
z−zj√
2σj
)Erf [
(z−zj)√
2σj
]) =
√
2σjI2b.
This formulae is extremely simple to inlude, and fast to alulate in a MD or MC
simulation. The appliation to other geometries is also straightforward. These relationships
are also valid to apply when working with systems where there is a nite dierene of voltage
through the slab, keeping in mind that the total harge of the slab is zero.
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